Material flow networks of chemical processes and production systems provide valuable information on energy and material consumption, related costs and environmental impacts including life cycle aspects. Such holistic information facilitates changes towards more sustainable and resource-efficient process design and production system planning. These changes require detailed information on cause-effect relationships between process design parameters, economic performance, and environmental impacts. This paper presents how chemical process design models can be integrated in material flow networks to obtain information on crucial design parameters from a resource efficiency perspective. Furthermore, the use of optimization methods in this complex decision setting is demonstrated based on newly developed software prototypes and plug-ins.
Introduction
Resource efficiency receives increasing attention since energy and raw material cost keep rising, price volatility increases, and availability declines. It describes the ratio between the desired output of a process or production system and the corresponding material and energy input. Resource efficiency is a promising approach to simultaneously reduce environmental impacts and increase economic performance, and hence is appreciated and promoted by policy makers and business actors alike [1, 2] .
Resource efficiency in chemical industries requires practice-oriented integrative methods, which combine aspects and concepts of process and chemical engineering, environmental life cycle assessment, managerial accounting and operations research. To meet this challenge, the interdisciplinary research project InReff (Integrated Resource Efficiency Analysis for Reducing Climate Impacts in the Chemical Industry) has been designed. Its overall aim is the development of an IT-based supported modeling and evaluation platform, which is able to comprehensively address issues of resource efficiency and climate change within the chemical industry. Enhancement and integration of available concepts and methods, software prototyping and case study research are essential parts of the project and conducted in close collaboration of four industry partners, two universities and a wider range of associated organizations and experts.
Several working packages within the InReff project aim at investigating how chemical process design can be environmentally and economically optimized. Within the following sections, the applied research approach is explained, boundary conditions for modeling the process and production system are investigated, and a feasible optimization framework is described. Fig. 1 depicts the research approach consisting of three parts, i) analysis of current chemical process and production systems, ii) methodology and software development for resource-efficiency optimization, and iii) case studies. Part i) is described in Sec. 2, part ii) in Sec. 3, and part iii) in Sec. 4. The paper is concluded in Sec. 5.
Chemical process and production system analysis
Understanding the current state of chemical process and production system analysis with regard to optimizing resource efficiency has been a precondition for further enhancement and development of tools and concepts within this domain. This has been achieved by a three steps approach as depicted on the right side of Fig. 1 . In order to conceptualize and develop software-based tools for resource efficiency-oriented optimization of chemical processes, the state of the art in planning and operating chemical processes and production systems was investigated by expert interviews. Selected employees, recognized as experts, from six companies (H.C. Stark GmbH, Sachtleben GmbH, Wacker Chemie AG, Evonik Industries AG, Bayer Technologies, VT Consulting) were interviewed using a structured, questionnaire-based guideline interview [3] . The questionnaire was designed to gain information about resource efficiency and optimization methods frequently applied in the respective companies. Each recorded interview was analyzed according to following criteria: i) definitions of the scientific terms resource efficiency and optimization ii) application conditions and requirements in the company, and iii) applied methodologies for combined resource efficiency and optimization. As all interviews were analyzed using the same criteria, answers could be compared, thus revealing similarities and distinctive aspects. Based on these conspicuities, boundary and implementation conditions for a resource efficiency-oriented optimization methodology and its software support were defined.
Modeling chemical processes and production systems
Models are earmarked transformations of systems, and they are created with the purpose to describe, explain, predict, design or optimize a system [4] . Models can be also classified according to their internal structure. The interview results reveal different types of models in chemical process and production systems in terms of their purpose and internal structure applied. In the following, three model structures relevant in the field of chemical process and production systems are explained in more detail.
Material flow networks are descriptive models utilized for resource efficiency-oriented modeling of process and production systems. Such systems are depicted by material and energy transforming processes and described by material and energy input/output relationships of each process and flows between processes. Hence, the structure of this type of model is not established and depends upon its user's preferences and specifications [5] . In general, chemical process design models are explanatory models with high level of detail. In-and output material and energy flows are coupled by cause-effect relationships including multiple technical and physical parameters [6] . The description of a real system in a model and the analysis of this model by variation of the model influencing variables are referred to as simulation [7, 8] . The model underlying the simulation is called a simulation model.
Within the InReff project, two different modeling types are used for simulating chemical processes and production systems; material flow networks and chemical process design models. They differ with respect to their purpose and internal structure. Material flow networks visualize material and energy flows whereas chemical process design models describe interactions between chemical, physical and technical parameters. In conclusion, material flow networks are used for resource efficiency-oriented modeling and chemical process design models for technical questions towards chemical processes and production systems. While material flow networks highlight resource efficiency potentials on aggregated levels, e.g. for entire production sites [9] , chemical design models provide detailed information on technical feasibility and chemical causality down to the process level. Consequently, the question arises, how to integrate chemical process design models in material flow networks.
Integrating or combining different model types require interfaces on content and software-level [10, 11] 
Simulation based optimization
Using simulation models for optimization purposes is called simulation-based optimization. In the following, some characteristics of simulation-based optimization are explained.
Objective
In the context of InReff maximizing resource efficiency is the overall goal for optimizing the considered chemical processes and production systems. As mentioned above, resource efficiency is defined as a ratio of reactant or product quantity and material flow demand.
Objective function
The optimization model includes the mathematical description of the optimization problem in form of an objective function with parameters and boundary conditions. Simulation-based optimization aims at finding parameter configurations within the simulation models to minimize or maximize the objective.
A general representation of the simulation-based optimization problem is given in equation (2) with the objective function (θ), the performance of the simulation L as a function of the input variables θ and the simulation runs ω
The objective function of the hierarchically combined simulation model for optimization consists of the sum of the in-and output flows of the material flow network weighted by material cost and environmental impact per material flow unit. For simplification purposes, global warming potential in kg CO 2 -equivalents has been chosen as proxy for overall environmental impact. The algebraic sign of the weighted material flows depend on the objective for the optimization. Finding global optima for resource optimization of chemical process and production systems is the reason for using only the upper hierarchical material flow network creating the objective function instead of chemical design models.
Decision variables
Decision variables are model variables with a strong impact on the objective of the optimization. In order to put the knowledge gained by resource efficiency optimization into practice, decision variable should be influenceable.
Constraints
Within simulation-based optimization, implicit and explicit constraints are distinguished. Implicit constraints are given by the model structure, whereas explicit constraints are given by the decision variables. Lower and upper limits for decision variables are essential for the application of simulation-based optimization algorithms. Those limits define the boundary of the solution space, in which the optima can be found.
Algorithm
Algorithms for simulation-based optimization aim at finding values for the decision variables optimizing the objective of an objective function as fast as possible. For the identified optimization model in Fig. 2 , algorithms are selected based on model characteristics deduced from the interviews. Therefore, optimization algorithms must be equally suitable for non-linear objective functions and constraints, as well as mixed-integer decision variables. Simulation based optimization can be solved by search algorithms. Search algorithms explore the solution space (also called feasible region) for the optimal set of decision variables minimizing or maximizing the objective function. In principle, all algorithms of the family of meta-heuristics are suitable, e.g. particle swarm algorithm, genetic algorithm, tabu search, and scatter search [13, 14] .
Software plug-in for simulation-based optimization
In our framework, simulation-based optimization is supported by a software tool called Optimization Cockpit that can be used in combination with a specific material flow modeling software called Umberto [15] . In the following, the design and functionality of this tool based on the description by [16] is reviewed briefly. Project-specific add-ons to support the work presented in this paper are described in addition.
Framework
The Optimization Cockpit is currently implemented as a self-contained Microsoft .NET application that communicates with Umberto via an interface based on Microsoft COM (Component Object Model, see e.g. [17] . This separation mirrors the 'black box'-character of simulation-based optimization in that few domain-or modeling-specific knowledge must be reflected by the Optimization Cockpit. Fig. 3 . UML Sequence Diagram displaying the interaction between user, optimization cockpit, and material flow modeling in Umberto. Note that the diagram mirrors the typical process of simulation-based optimization as e.g. described by [8] . Fig. 3 shows that data transferred between the Optimization Cockpit and Umberto mainly comprises sets of variables and values related to the loaded material flow network. At the outset of an optimization study, the Optimization Cockpit identifies all quantities in the network that might become potential decision or result variables in optimization; including net and transition parameters as well as material and cost flows [16] .
From these quantities, the user can (1) select decision variables that will be subject to optimization, (2) assemble an objective function using a built-in formula language, and (3) define restrictions in the form of upper and lower limits as well as more complex algebraic constraints [16] . Since the material flow network-specific semantics of the acquired variables (e.g. if a variable represents a cost flow or a revenue) are known, the Optimization Cockpit can provide default objective functions for common optimization goals, for instance cost or benefit functions [16] .
Optimization in the context of resource efficiency has to balance economic and ecological objectives. Therefore, the Optimization Cockpit has been extended to access not only basic material and cost flows but also performance indicators calculated from these flows by means of a valuation system [5, 18] . The current implementation is limited to the global warming potential as indicator of climate change but is adoptable to further environmental and resource efficiency related impacts and indicators.
Optimization Algorithms
After defining an optimization problem in terms of variables read from the material flow network, the Optimization Cockpit can start the well-known 'optimization cycle' (see e.g. [8] or [19] ): This consists of (1) writing the current values of the decision variables to Umberto if they passed a check for feasibility, (2) starting to calculate the material flow network with these values, (3) checking the returned result variables with the objective function for feasibility, (4) rating them with the objective function, and (5) calculating improved values on the basis of this rating until the optimization converges or ultimately fails (see Figure 3 ).
Step 4 is crucial for the success of the optimization study and can be achieved using a plethora of existing optimization algorithms. Therefore, the Optimization Cockpit is extendable by plug-ins that implements different optimization algorithms sharing a common interface [16] . The Optimization Cockpit dynamically loads all available optimization algorithm implementations on startup and allows the user to select and appropriately parameterize an algorithm for the respective optimization study.
In previous experiments, proprietary implementations of the complex Nelder/Mead algorithm, an evolutionary algorithm, and a particle swarm optimization did not lead to fully satisfying results [20] . Therefore, a commercial optimization solver was recently integrated into the Optimization Cockpit via its plug-in interface. The OptQuest solver [21] was chosen due to its clear, .NET-based API (application programming interface) that, at first sight, exhibits a strong similarity to the design of the Optimization Cockpit. In practice, however, some implementation effort and design tradeoffs had to be made to compensate the fact that OptQuest itself controls the 'optimization cycle' in a similar manner than the Optimization Cockpit.
The OptQuest program library is specifically tailored towards simulation-based optimization and used in several commercial discrete event simulation tools such as Arena and Simul8 [21] . The framework contains various domainindependent optimization algorithms (called meta-heuristics in this context, see [21] ) similar to those implemented in the Optimization Cockpit. However, OptQuest provides additional support in automatically choosing and combining appropriate meta-heuristics taking into account the structure of the optimization problem, i.e. the number and data types of involved decision variables [21] .
On one hand, this functionality might largely improve the usability of simulation-based optimization: The user is disburdened from the need to choose and appropriately parameterize an optimization algorithm for the given problem. On the other hand, relinquishing control over the applied algorithms aggravates the problem of result validation and reliability. Hence, further research within the project needs to investigate the feasibility of (automatically) choosing appropriate optimization algorithms and parameters in the context of resource efficiency in chemical engineering. 
Application
A test case has been designed to investigate the applicability of the Optimization Cockpit for resource efficiency-oriented optimization of chemical processes and production systems. The proof-of-concept case is a simple optimization model exclusively based on a material flow network without recourse to chemical process design models in additional software. Although highly simplistic, the test case provides all relevant aspects for simulation-based optimization and includes an a priori known optimum. It will be replaced by real case studies of chemical processes and production systems in later stages of the project.
Optimization model
The simulation model, modeled as material flow network in the software Umberto, depicts a fictional chemical reaction converting two reactants A and B in one product P and emissions E, illustrated in Figure 4 . Java scripting was used for process specification in Umberto. The used downstream modeling technique requires setting the reactant A amount in advance. The amount of B is defined by the given ratio of 1:5. The yield Y of the chemical reaction, determining the ratio between product P and emissions E, depends on two decision variables; temperature T and pressure p, as shown in Eq. 2. In order to verify the obtained optimization results, the co-domain of T and p is set to 1-10 °C and 0-1 bar for manually calculating the optimum.
For test purposes, the optimization pursues three objectives; i) cost reduction, ii) profit maximization and iii) minimization of GWP in CO 2 -equivalents for the use of 10 kg of reactant A. Each objective is optimized individually. Other objectives can be applied easily, for instance to optimize resource intensity (resource input per product). For compiling the objective function, material properties for cost and CO 2 
Simulation set-up
For modeling and analyzing material flow networks with the developed optimization cockpit, the software Umberto was used (cp. Sec. 3). The OptQuest engine was applied as solver for the simulation-based optimization. The solver provides a meta-heuristic optimization approach, i.e. it includes multiple search algorithms suitable for simulationbased optimization [21] .
Results
Results provide the maximized respectively minimized objective value and the corresponding values of the two decision variables T and p, illustrated in Fig. 5-7 . In all three cases, the optimal target value for the considered objective calculated in advance by hand was found within the first 10 iterations. Fig. 8 illustrates the optimized objective values for cost and CO 2 minimization and profit maximization as a function of T and p. The results of simulation-based optimization equal the a priori optima. It should be noted that the fictive test case does not make sense content-wise and has been designed purely for testing and verification purposes. 
Conclusion and Outlook
This paper presented preliminary results of the InReff research project concerning resource efficiency oriented optimization within chemical production systems. Based on an analysis of requirements, a combined simulation model was defined that integrates chemical process design models in material flow networks. To optimize the combined simulation model, an Optimization Cockpit has been developed and tested on various optimization challenges including the highly simplified test case presented here. Further research will focus on integrating specialized algorithms for differentiated analysis of optimization models, methods for visualizing the results and application to complex and real case studies.
